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bstract
This paper uses a statistical approach to evaluate the degree of metal pollution, trace element concentrations, and seasonal
volutions of various physicochemical parameters of Moroccan drinking water sludge. Principal component analysis (PCA) was used
o analyze these physicochemical parameters (including water temperature (Tw), volatile suspended solids (VSS), and suspended
atter (SM)) in liquid raw sludge, the conductivity (Cond(s) and pH(s)) in addition to the trace element content of the supernatant
e.g., Cd(s), Pb(s), Cr(s)), pH and heavy metal and trace element contents (e.g., Pb, Cr, Cd, Fe, Al, Cu, Zn, P, N, K and C) in dried
ydroxide sludge. The measured quantities of Cd and Cr in the supernatant did not exceed their recommended limits in wastewater
reated for irrigation; however, the amount of Zn, Pb and Cu measured in dried hydroxide sludge exceeded their limits as defined by
nternational standards. PCA reveals that the principal component F1 indicates that 25.20% of all variance can be mostly attributed
o Zn content and conductivity, while the principal component F2 demonstrates that 21.00% of all variance is likely caused by the
reviously mentioned physicochemical parameters, most significantly C and pH(s). Finally, this paper analyses the merits of this
nalytical approach and discusses its important applications for solving crucial environmental issues.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction
Heavy metal pollution is one of the most serious
environmental issues that has accompanied rapid global
economic development [1]. For example, heavy metal
pollution in aquatic systems poses a significant risk toer sludge of the Moroccan capital: Statistical analysis of its
/10.1016/j.jtusci.2016.09.003
behalf of Taibah University. This is an open access article under the
human health because heavy metals are not biodegrad-
able and may thus affect the ecological food chain
[1,2]. In general, heavy metal pollution occurs when
 IN+Model
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industrial processes (including water purification or
treatment) generate waste that is released into the envi-
ronment. This waste includes large quantities of organic
pollutants, including heavy metals, which are then
absorbed by sludge; in this way, sludge becomes a reser-
voir for heavy metals [2,3].
Drinking water treatment plants generate hydrox-
ide sludge after water passes through filters and sludge
blanket decanters [3–5]. The process of clarification
removes suspended matter (SM) and colloids from
treated water in three successive operations: coagu-
lation, flocculation and sedimentation. All sludge is
defined as being a highly wet waste with liquids of
insignificant value [6]; hydroxide sludge has a very
similar constitution but differs only in its suspended
matter concentration. Sludge settling ponds mostly con-
sist of suspended solids in raw water with a body
of metal hydroxide produced by coagulation [3,4,7,8].
These ponds may also contain low CaO contents if
interacting with clay derived from a limestone, as has
been seen in the sludge of the Bouregreg drinking
water production unit. Washing water filters essentially
contain the same residues as those found in sludge sett-
ling tanks, although with much lower concentrations
[3,9].
Of all water pollutants, heavy metals are one of
the longest lasting and most dangerous. Heavy met-
als can be present in sludge in variable concentrations,
depending on the origin of the sludge (i.e., indus-
trial or residential), and they remain a major obstacle
in sludge valorization. Metals found in sludge typ-
ically exist in soluble, exchangeable and adsorbed
forms; they are associated mainly with organic matter
and are bound to carbonates and sulphides in crys-
talline residues. Therefore, heavy metals in sludge can
be influenced by the presence of complexing agents,
precipitating ligands, and physicochemical parameters
including pH, temperature and redox potential [10–12].
It is thus necessary to assess what heavy metals are
present in the sludge as well as their relative concen-
trations.
The aim of the present work is to use a statisti-
cal approach to perform a detailed quantitative analysis
of the distribution of heavy metals in the dried sludge
and supernatant from the drinking water treatment
plant of Bouregreg (Rabat, Morocco), as well as the
trace elements and physico-chemical parameters affect-
ing raw sludge. These results will then be interpretedPlease cite this article in press as: M. Dahhou, et al. Drinking wat
environmental aspects, J. Taibah Univ. Sci. (2016), http://dx.doi.or
and discussed, with a particular focus on the valoriza-
tion of the sludge and potential applications of this
research. PRESS
rsity for Science xxx (2016) xxx–xxx
2.  Materials  and  methods
The treatment of drinking water at the Bouregreg
processing station begins with a pre-treatment, which
consists of a screening followed by a period of disin-
fection or peroxidation, in which chlorine gas is added
in a process called pre-chlorination. At the Bouregreg
processing station, the most commonly used coagulant
is aluminium sulphate Al2(SO4)3, and the most com-
monly used flocculants are polyelectrolyte or alginate.
Decantation then occurs, primarily in the decanter sludge
bed. Finally, water undergoes filtration through a series
of pools, including the sand layer, and filters are washed
by reversing the flow direction of water.
2.1.  Characterization
Liquid raw drinking water sludge was collected every
month for one year from the drinking water decantation
plant of the Bouregreg drinking water treatment plant in
Rabat, Morocco. These collected samples of raw sludge
underwent a settling period of 2 h to recover each sam-
ple’s supernatant as well as its corresponding hydroxide
sludge. The supernatant was stored at 4 ◦C, and the dried
sludge was allowed to recover in the open air for 8
days. Physico-chemical parameters for each sample were
determined using a variety of techniques.
First, the liquid portion of each sample was allowed
to homogenize for 10 min before a pH-metre of mark
W.T.W. was used to measure its pH [13]. The conduc-
tivity (measured in Cond(s)) of the supernatant was then
measured by a W.T.W. Mark conductometer. The filtrate
of each sample then passed through a glass micro-fibre
filter, and its residue was dried at 105 ◦C before being
weighed again; the resulting measured difference in mass
represents the suspended matter (SM) content in the fil-
tered sample volume. The quantity of volatile suspended
solids (VSS) was similarly obtained by determining the
difference between the weight of the ash residue recorded
at 550 ◦C and its weight following a period of drying at
105 ◦C [14].
A Flash Thermoanalyser EA 112 was used to measure
quantities of C, H, N, S, and O in the samples. Sam-
ples first underwent total combustion at 1050 ◦C under a
stream of oxygen and pressure; then, the resulting prod-
ucts were separated by a chromatographic column and
measured by a thermal conductivity detector.er sludge of the Moroccan capital: Statistical analysis of its
g/10.1016/j.jtusci.2016.09.003
Ultima 2 Jobin Yvon ICP-AES (France) atomic emis-
sion spectrometer with a spectral range of 120–800 nm.
Prior to this analysis, samples underwent dilution and
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Table 1
Physico-chemical parameters in sludge hydroxides and supernatant.
Sr. no. pH(s) pH Tw (◦C) Ta (◦C) Cond(s) (s/cm) SM (g/L) VSS (g/L) VSS/SM (%)
Jul-11 7.4 6.8 16 20 750 39.9 13.5 33.8
Aug-11 7.3 7.1 17 20 755 100.3 35.1 35.1
Sep-11 7.4 7.1 17 20 671 66.8 20.3 30.3
Oct-11 7.4 7. 17 19 677 100.7 20.3 35.2
Nov-11 7.6 6.8 17 18 657 40.8 14.3 35
Dec-11 7.4 7 16 17 640 67.3 20.9 31.1
Jan-12 7.4 7.1 16 11 650 8.8 2.7 30.4
Feb-12 7.4 7.2 16 20 540 8.5 2.4 28.6
Mar-12 7.7 7.2 14 16 707 6.7 2.0 29.7
Apr-12 7.8 7.3 14 15 726 10.1 2.5 25.1
May12 7.7 7.1 16 19 682 10.2 2.1 20.3
Jun-12 7.8 7.2 19 18.5 766 7.9 1.7 21.4
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cidification to increase the solubility of the heavy metals
n the dried hydroxide sludge.
.2.  Statistical  treatment
The most common technique for summarizing pat-
erns among variables in multivariate datasets is principal
omponent analysis (PCA). This analysis is primarily
sed to identify patterns in variables as well as to high-
ight similarities and differences within datasets. The
ain advantage of PCA is that, once these patterns have
een identified, datasets can be compressed to reduce the
xisting number of dimensions without a corresponding
oss of information [15,16].
PCA has been used in many other environmental
tudies [17–19]. In this study, PCA is used to inter-
ret chemical data and to extrapolate from additional
ollution-related data gathered from hydroxide sludge
enerated by the Bouregreg drinking water treatment
lant. Variables analyzed by PCA include the physico-
hemical parameters of liquid raw sludge (i.e., water
emperature (Tw), volatile suspended solids (VSS), and
uspended matter (SM)), the heavy metal and trace ele-
ent contents of dried hydroxide sludge (i.e., Pb, Cr, Cd,
e, Al, Cu, Zn, P, N, K, C and pH), and the characteristics
f the supernatant (i.e., Cd(s), Pb(s), Cr(s), conductivity
defined as Cond(s)) and pH(s)).
.  Results  and  discussionPlease cite this article in press as: M. Dahhou, et al. Drinking wat
environmental aspects, J. Taibah Univ. Sci. (2016), http://dx.doi.org
.1.  Analysis  of  spatiotemporal  rating  parameters
Table 1 presents the results of physicochemical anal-
sis on the spatiotemporal rating parameters of liquid5.1 39.0 12.7 29.6
.7 36.5 12.8 5.1
raw sludge, dried hydroxide sludge, and supernatants
for all samples. Table 2 presents the heavy metal and
trace element contents measured in hydroxide sludge and
supernatants.
3.1.1. Air  temperature  (Ta)  and  water  temperature
(Tw)
A maximum temperature of 20 ◦C was recorded dur-
ing the warm season (August 2011) and a minimum
temperature of 11 ◦C was recorded during the cold sea-
son (January 2012). This variation in temperature reflects
the influence of the regional climate. The recorded water
temperature can generally be considered moderate, as it
falls between 14 ◦C and 19 ◦C. Both of these different
temperatures fall below 30 ◦C, a temperature that rep-
resents the limiting value of direct discharge into the
receiving environment. Likewise, temperatures under
35 ◦C generally represent limits for irrigation water [20].
The measured water temperature (Tw = 11 ◦C) was
relatively high compared to the measured air tempera-
ture (Tw = 16 ◦C), most likely due to the increased water
runoff and torrential rain of the winter season.
3.1.2. pH  of  the  dried  hydroxide  Sludge  (pH)  and
pH of  the  supernatant  (pH(s))
The measured pH of each sample reflects its con-
centration of H3O+ ions. We can classify the pH of the
supernatant and dried hydroxide sludge as follows, using
the methodology of Gagnard et al. [21]:er sludge of the Moroccan capital: Statistical analysis of its
/10.1016/j.jtusci.2016.09.003
- The recorded pH of the supernatant (pH(s)) is slightly
alkaline (pH = 7.2–7.5) during summer, autumn and
winter and is more alkaline (7.5–8.7) during the spring.
According to the World Health Organization (WHO)
Please cite this article in press as: M. Dahhou, et al. Drinking wat
environmental aspects, J. Taibah Univ. Sci. (2016), http://dx.doi.or
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[22], the pH of drinking water must be between 6.5
and 8.5.
- The recorded pH of the dried hydroxide sludge (pH)
is close to neutral (6.8–7.2), except during the months
of November and April, in which the pH is slightly
alkaline (7.2–7.5).
These results demonstrate that the dried hydroxide
sludge from Bouregreg has a pH between 6.8 and 7.3
and is thus slightly alkaline. This pH content is likely
caused when the salt of a strong acid (such as aluminium
sulfate) is used to trigger the process of coagulation and
flocculation of water, which causes heavy metals to pre-
cipitate and become adsorbed by the sludge. The growth
of microorganisms in water is affected by a pH value of
less than 5 or greater than 8.5.
3.1.3. Conductivity  of  the  supernatant  (Cond(s))
The values of conductivity recorded in the supernatant
range from 540 s/cm in February 2012 to 766 s/cm
in June 2012 (Table 1). These values do not exceed
the maximum permitted conductivity value of drink-
ing water (1055 s/cm). These values are also, on
average, less than the direct discharge limit in the receiv-
ing environment (2700 s/cm) [23]. Additionally, these
supernatants record average values between 666 s/cm
and 1000 s/cm, indicating that they have undergone
significant mineralization [24].
3.1.4. SM  and  VSS  of  liquid  raw  sludge
In this study, sludge records a mean SM concentration
of 39 g/L, with a minimum concentration of 6.7 g/L and
a maximum concentration of 100.7 g/L. These values
fall well above the Moroccan SM limit of 50 mg/L [20].
High VSS contents were also recorded during summer
and autumn, most likely due to the concurrent flooding
of the Sidi Mohammed ben Abdallah dam. The high SM
values can similarly be attributed to a period of intense
watershed erosion following sudden rainstorms.
To select an appropriate water treatment procedure,
it is necessary to determine the moisture rate. Other
studies have analyzed the supercritical water gasifica-
tion (SCWG) of biomass with moisture contents ranging
from 76.2 to 94.4 wt% and have determined that total gas
yields decrease with a corresponding decrease in mois-
ture content; the CO2 yield decreases most significantly,
whereas the H2 and CH4 yields decrease only slightly.
Other studies have demonstrated that the carbonizationer sludge of the Moroccan capital: Statistical analysis of its
g/10.1016/j.jtusci.2016.09.003
process is accelerated in samples with lower moisture
contents. Therefore, the significant reduction of the CO2
yield can be attributed to the carbon’s transformation into
coke [25].
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Table 3
Limiting contents of metals in supernatants (mg/L).
Heavy metals Long-term usea Term costa Average in
supernatant
Cd 0.01 0.05 0.011
Cr 0.1 1.0 0.064
Pb 5.0 10.0 0.034
a
f
n
b
s
H
f
3
i
C
a
g
t
t
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[
[
[
a
t
t
m
c
t
t
pipes. These algae may in turn severely influence the
T
L
H
C
C
C
P
ZThe recommended limits of trace elements in wastewater treated
or irrigation, in mg/L [27].
The measured VSS/SM ratio elucidates the organic
ature of the sludge. The mean VSS/SM values vary
etween 20.3 and 35% (Table 1); these values repre-
ent the percentage of sludge with high mineral contents.
owever, the VSS/SM ratio falls between 50% and 75%
or sludge that is high in organics [26].
.2.  Evaluation  of  heavy  metals  and  trace  elements
n dried  hydroxide  sludge  and  the  supernatant
In this study, we measured concentrations of
d, Pb and Cr in both the dried hydroxide sludge
nd the supernatants for samples of the Boure-
reg drinking water treatment plant. The results of
hese analyses can be used to determine the rela-
ive concentrations of Cd, Pb and Cr for all sludge
amples and their supernatants. In the supernatant,
Crs] > [Pbs] > [Cds]; in the dried hydroxide sludge,
C] > [P] > [N] > [Al] > [Fe] > [K] > [Zn] > [Cu] > [Pb] >
Cr] > [Cd] (Table 2). Mean concentrations of elements
re significantly higher in the dried hydroxide sludge
han they are in the supernatant. Metal contents in
he supernatant ranged from 0.003 to 0.042 mg/L cad-
ium, 0.003–0.079 mg/L lead, and 0.082–0.051 mg/LPlease cite this article in press as: M. Dahhou, et al. Drinking wat
environmental aspects, J. Taibah Univ. Sci. (2016), http://dx.doi.org
hromium (Table 2). These mean values are lower than
he recommended limits of trace elements in wastewater
hat has been treated for irrigation (Table 3) [27].
able 4
imiting contents of metals in sludge (mg/kg).
eavy metals The French standards
NF U44-041a
Alternative fuelsb Alterna
d 10 5 0.8 
r 1000 100 100 
u 1000 100 100 
b 800 200 50 
n 3000 400 400 
a Metallic trace elements content limits in mg/kg [28].
b Pollution responsible indicators (mg/kg) for the elimination of waste in ce
c Average in sludge hydroxides in mg/kg. PRESS
sity for Science xxx (2016) xxx–xxx 5
To the best of our knowledge, there is currently no reg-
ulation of pollutant loads in the drinking water sludge
produced by water treatment facilities. Therefore, in
this study, we use the thresholds suggested by French
standards [28] as reference values (Table 4). The mean
measured values of cadmium and chromium are very
low compared to the concentrations suggested by French
standards, indicating that the sludge measured here is
not significantly polluted. Measured quantities of copper,
lead and zinc in the dried hydroxide sludge are higher
than the reference values of the French standards, sug-
gesting that the sludge here may have been moderately
polluted by these metals. This is significant because high
concentrations of Cu and Zn in sludge pose a major prob-
lem to the cement industry, according to Schmill et al.
[29].
High concentrations of iron measured in these sam-
ples can be attributed to the structure of the silicates
that represent the major constituents of dried hydrox-
ide sludge [30]. Additionally, the presence of iron in
sludge can promote the proliferation of certain strains of
bacteria that reside in corroded iron pipes [31].
Furthermore, phosphorous can exist in various oxi-
dized forms, including meta HPO3, ortho H3PO4,
and pyro H4P2O7. In an aqueous medium, the ortho
form is more common than the meta and pyro forms
because it is the most stable phosphorous form between
pH 5–8 [32,33]. The presence of ortho-phosphate in
natural waters is primarily associated with character-
istics of the nearby land as well as the decomposition
of phosphate from organic matter. Excess phospho-
rus in water can also be hazardous; for example,
high levels of PO43− can cause eutrophication, which
greatly increases algae content in tanks and largeer sludge of the Moroccan capital: Statistical analysis of its
/10.1016/j.jtusci.2016.09.003
passage of light and oxygen consumption in tanks,
which can eventually result in serious risks to wildlife
[34].
tive rawb Additions to
cementb
Clinkerb Mean in hydroxides
sludgec
1 1.5 0.5
200 150 13.6
200 100 1440
75 100 91.9
400 500 3219
ments [29].
 IN PRESS+Model
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3.3.  Typology  of  variables  studied  in  water  of  the
Bouregreg drinking  water  treatment  plant
Significant correlations exist between the different
physico-chemical parameters, trace elements and heavy
metals of liquid raw sludge, supernatants and dried
hydroxide sludge (Table 5). For example, Cu and N mea-
sured in the dried hydroxide sludge show a significant
correlation, supported by a high correlation coefficient
of r = 0.722, whereas Cu and Zn correlate poorly, with a
correlation coefficient of r  = 0.545.
Additionally, the measured conductivity of the super-
natant (Cond(s)) correlates strongly with metals in
the supernatant, such as Cd(s) (r  = −0.725) and Pb(s)
(r = −0.503), as well as with those in the dried hydrox-
ide sludge, such as Cr (r  = −0.644), Fe (r  = 0.620), Cu
(r = 0.583) and Zn (r  = 0.706). These correlations suggest
that these metals strongly influence the conductivity of
the samples. Furthermore, the conductivity of each sam-
ple also indicates the degree of mineralization in each
water sample because each ion has a specific conductiv-
ity [35].
The degree of correlation between the conductivity
of the supernatant and parameters such as pH(s) and
temperature is low (r  = −0.02 and r  = 0.05, respectively),
suggesting that the electrical conductivity of the water
is not dependent on these parameters. Contrastingly, the
recorded pH(s) of the supernatant is positively corre-
lated with the Fe content of the dried hydroxide sludge
(r = 0.529). This correlation suggests that pH can likely
influence the distribution of Fe in dried hydroxide sludge.
Temperature also plays a very important role in deter-
mining the solubility of salts in a given water system,
as well as its gas content and pH [16]. In this study,
the measured water temperature (Tw) shows a moder-
ately positive correlation with the carbon content of the
dried hydroxide sludge (r  = 0.637), suggesting that bio-
logical factors can influence the content and distribution
of carbon in these systems.
Furthermore, Fe is moderately correlated with Al
(r = −0.46) in dried hydroxide sludge; this correlation
may be because other silicates and oxy-hydroxides gen-
erally prefer other metals to Fe and Al. A moderately
significant positive correlation was also noted between
N and Pb (r = 0.630) in the dried hydroxide sludge;
however, a lower correlation (r  = −0.291) was recorded
between N and Pb(s), likely due to the greater accumu-
lation of N in sludge.Please cite this article in press as: M. Dahhou, et al. Drinking water sludge of the Moroccan capital: Statistical analysis of its
environmental aspects, J. Taibah Univ. Sci. (2016), http://dx.doi.org/10.1016/j.jtusci.2016.09.003
Additionally, there exists a significant correlation
between the calculated contents of Cd and Cr in
hydroxide sludge (r  = 0.815), indicating a strong affin-
ity between these elements, likely due to a common Ta
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aFig. 1. Graphical approach to the PCA of physicoch
rigin. In the supernatant, Cd(s) behaves relatively simi-
arly to Pb(s) (r = 0.59), suggesting that Cd demonstrates
 higher chemical affinity in the sludge.
The measured suspended matter (SM) of raw sludge
hows a very significant correlation with the mea-
ured volatile suspended solids (VSS) in raw sludge
r = 0.997). SM and VSS both also display significant
orrelations with lead and nitrogen in dried sludge; lead
nd nitrogen represent elements that were likely trapped
n organic particles (in both suspended and dissolved
orms) and settled to the bottom of the water sample.
PCA allows us to analyze all of the water data col-
ected from the Bouregreg drinking water treatment plant
nd to describe the structure using two main gradients, F1
nd F2. For these analyses, we constructed a data matrix
onsisting of 12 samples (1 station ×  12 campaigns) to
nalyze a series of 21 variables (Cd(s), Pb(s), Cr(s), Cd,Please cite this article in press as: M. Dahhou, et al. Drinking wat
environmental aspects, J. Taibah Univ. Sci. (2016), http://dx.doi.org
b, Cr, Fe, Al, Cu, Zn, P, N, K, C, pH(s), pH, Tw, Ta,
ond(s), SM and VSS). The values of the two compo-
ents F1 and F2, as well as their contributions to the total
mount of inertia, are presented in Fig. 1A. parameters and heavy metals according to F1XF2.
The results of this PCA (Fig. 1A) allow us to per-
form an initial typological analysis of these different
variables according to their individual affinities, as well
as to determine their contributions to the first two princi-
pal components. The F1 and F2 axes represent 46.20% of
the total information (25.20% for the F1 axis and 21.00%
for the F2 axis). Fig. 1B and C display the PCA values
along with the circle of correlation, factorial maps, and
campaigns.
The F1 Axis is determined by Zn content (r  = 0.83)
and conductivity (r  = 0.82). It defines a gradient of
mineralization, as opposed to the contamination gra-
dients defined by Pb (r  = −0.742) and Cd (r  = 0.741),
which reflect anthropic contributions. This result con-
flicts with data from previous studies suggesting that
increasing conductivity maintains higher values of Pb
in sludge than in water, where it is much more soluble.er sludge of the Moroccan capital: Statistical analysis of its
/10.1016/j.jtusci.2016.09.003
The high levels of Pb found in this study could have
been contributed by exhaust gas from nearby vehicles
[36]. In exhaust gas, Pb exists in a state that prefers to
exist in water; as El Morhit et al. [36] explained, this
 IN+Model
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situation is caused by the remobilization and release of
heavy metals.
Contrastingly, Zn displays a different trend than Pb:
its presence in dried hydroxide sludge is represented
by low water mineralization but by strong agricultural
activity. This same phenomenon has been observed in
previous studies [37] and has been explained by the fact
that increasing conductivity promotes the release of Zn
in the supernatant.
The F2 axis is represented by pH(s) (r  = 0.81) and
C (r  = 0.59) (Fig. 1B). This axis defines a carbon gra-
dient which opposes the contamination gradients of
suspended matter (r  = 0.81) and volatile matter (r  = 0.82)
contributed from natural origins. This trend is character-
ized by the presence of ferro-magnesium minerals within
the geological context of the area. However, there seems
to be a less noticeable influence of seasonality, particu-
larly temperature, in this system. For example, there is
no apparent relationship between temperature and con-
ductivity. The water of the Bouregreg drinking water
treatment plant furthermore indicates that pH(s) varies
with fluctuations in the carbon content of organic matter.
Global analysis is used to define a typology domi-
nated by the individualization of three campaign groups:
GI, GII and GIII (Fig. 1C). This method of spatial orga-
nization defines the exact location of each campaign
relative to their situation:
GI: combines two periods (July 2011 and Aug 2011)
which have Zn and Cu pollution and whose waters are
mediocre to poor.
GII: contains five periods (Nov 2011, Oct 2011, Sept
2011, Mar 2012 and May 2012), which have poor water
quality but are relatively less contaminated than waters
in the G1 and GIII groups. The difference in the levels
of water contamination between these groups is likely
due to the increased amount of wastewater created by
enhanced activity during the periods of interest at the
drinking water treatment plant of Bouregreg.
GIII: contains three periods (Dec 2011, Feb 2012 and
Jan 2012) during which highly contaminated water was
characterized by very high concentrations of Cd(s) and
Pb(s) contributed by pollution.
The highest concentrations of Cd and Pb were
recorded during the winter season. This suggests they
share an origin of domestic wastewater within the Rabat
region. However, significantly higher values of conduc-Please cite this article in press as: M. Dahhou, et al. Drinking wat
environmental aspects, J. Taibah Univ. Sci. (2016), http://dx.doi.or
tivity and Zn were measured during the summer season.
A previous study reported that Cd deposition rates
were significantly higher in the summer and winter than
they were in the rainy season and that Pb deposition PRESS
rsity for Science xxx (2016) xxx–xxx
rates were significantly higher in the rainy and summer
seasons than they were in winter [38]. This study is sup-
ported by another one [39] which suggested that average
levels of all the metals in a set comprising Fe, Mn, Zn,
Cr, Cu, Pb and Cd were relatively higher in summer
than in winter season. The reason might be the leaching
of the metals into the reservoir from the roadside and
agricultural runoffs during wet summer season.
4.  Conclusions
This study highlights the significant impact of drink-
ing water sludge production on the environment. This
produced sludge serves as a reservoir for heavy metals,
which can then be removed by rainwater to contaminate
soils and nearby streams. Here, the statistical tool of
principal component analysis (PCA) is used to assess
the extent of the pollution caused by these heavy metals
and to analyze the impacts of various physico-chemical
parameters. PCA confirms the existence of significant
correlations between Cu, N and Zn; VSS and SM; N,
and Pb; C and Tw; Cond(s), Cd(s), Pb(s), Cr, Fe, Cu,
Zn and pH(s); pH(s) and Fe; N and Pb; Cd and Cr;
and Cd(s) and Pb(s). In particular, the existence of a
significant correlation between Cd and Cr hydroxides
in sludge suggests that there is a high chemical affinity
between these two metals in the hydroxide sludge. SM
and VSS also display a significant correlation with
lead and nitrogen hydroxide sludge, suggesting that
these metals are transported as particles suspended
within dissolved organic matter and minerals, which
are then deposited and gradually accumulate in the dry
hydroxide sludge. This accumulation of heavy metals
in hydroxide sludge is often caused by adsorption
and/or precipitation. Therefore, this study contributes
to the current understanding of the possible causes of
environmental pollution; the results of this study can
eventually be used to control this pollution. Finally, the
constituents present in the studied sludge potentially
represent raw materials that could be used in cement
following the appropriate thermal treatment, as has
already been discussed in our previous study [3,4,40].
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